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Order-disorder phase transition of vacancies in surfaces: The case of Sn/Cu(001)-0.5 ML
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We investigate the structural phase transition (3\3‘5 X \S‘E)R45 © s (\EX \35)R45° of 0.5 ML Sn/Cu(001) using
a combination of scanning tunneling microscopy, time-of-flight direct-recoil spectroscopy, and Monte Carlo
simulations. Cu vacancies are observed for both phases. At low temperature, Cu vacancies are ordered in a
regular array of lines. At high temperature, Sn atoms occupy similar adsorption sites as at low temperature but
Cu vacancies are disordered. We conclude that the atomistic mechanism behind the structural phase transition
is an order/disorder transition driven by the Cu-vacancy entropy.
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I. INTRODUCTION

Atomic vacancies are an essential ingredient of many
technologically interesting multicomponent materials. We
may mention their role in surface catalysis' or phase-change
materials.> Ordered vacancy sublattices in the ground state
are important because of the strong impact on the physical
properties of the material.> The case of two dimensions (2D)
is specially attractive, as the correlation between vacancy
ordering and physical properties is more evident. A good
example is that of several known instances of order/disorder
phase transitions involving vacancies.*~%

The deposition of 0.5 monolayers (MLs) of Sn on
Cu(001) produces, at room temperature, a single-layer sur-
face alloy with (3\2>< \2)R45° (hereafter 312) periodicity.
The superstructure is due to the existence of lines of Cu
Vacanmes with a Sn:Cu surface stoichiometry of 3:2.7-% The
312 phase undergoes a temperature-induced reversible crys-
tallographic transition to a (V2 X \2)R45° (hereafter \2)
phase at 360 K as observed by low-energy electron diffrac-
tion (LEED).'” The structural transition is accompanied by
an electronic transition, compatible with a condensation of a
charge-density wave (CDW),'"'> which was proposed as an
important driving force of the 3y2 < \2 phase transition.!%13
Yaji et al. have recently found evidence of order/disorder
behavior."* This feature is not incompatible with a CDW
scenario'! but it indicates that the dynamics of the phase
transition is more complex than initially thought. The fact
that the 32 structure is formed by lines of ordered Cu va-
cancies suggests that their specific role should be analyzed.

In this work, we report a temperature-induced 2D phase
transition where the role of vacancies is monitored at atomic
level. Using a combination of experimental techniques and
Monte Carlo (MC) snnulat10ns we analyze the structural
properties of the 3212 phase transition. Scanning tunnel-
ing microscopy (STM) images provide us with real-space
information on both phases. We exploit the well-known ap-
plicability of direct-recoiling spectroscopy (DRS) for study-
ing surface alloys and surfaces with vacancy lines'> in order
to monitor the Cu vacancies as a function of temperature.
Combining this technique with MC simulations, we conclude
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that the high-temperature (HT) phase is disordered. The
phase transition is described as the ordering of Cu vacancies
at low temperature.

II. EXPERIMENTAL DETAILS

DRS is a technique derived from ion-scattering spectros-
copy with high sensitivity to the top surface layer.!® Briefly,
it is based on the detection, at a fixed forward emission
angle, of the fast recoiling target atoms produced by kiloelec-
tron volt ion projectiles to obtain information about the el-
emental composition and the atomic structure of the top
atomic layers of a surface. The elemental composition of the
surface is derived from the energy analysis of the surface
atoms emitted in single collisions with the primary beam
while the surface atomic structure is derived from the varia-
tion in the recoil intensity with the incident direction of the
ions. Each target atom modifies the ion and recoil trajectories
in a surface region on the order of 1 A? resulting in strong
shadowing and blocking effects that are characteristic of the
collision partners and of the surface geometry. In particular,
these shadowing and blocking effects are mainly governed
by the distance between the nearest-neighbor atoms so there
is no need of long-range order in order to observe crystallo-
graphic effects on the recoil intensity. Finally, the detection
of both recoiling ions plus neutrals by time-of-flight (TOF)
methods avoids dealing with neutralization effects and re-
duces the ion bombardment dose producing negligible
damage.

The preparation of the 0.5 ML Sn/Cu(001) surface has
been described before.® Two ultrahigh-vacuum chambers
were used. The first one is equipped with a variable-
temperature STM (Omicron) and LEED. The DRS measure-
ments are carried out in the second chamber, also equipped
with LEED.!'7 All DRS spectra were acquired with a 5 keV
2Ne* ion-pulsed beam and fixed scattering angle (5=30°).
The Cu(001) substrate was prepared in this case by grazing
Ar sputtering (20 keV, 2° incidence with respect to the sur-
face plane) and annealing to 720 K. During sputtering the
sample was kept under continuous rotation around its normal
in order to change the azimuthal incidence angle. This pro-
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FIG. 1. (Color online) Experimental filled-state STM _images
(70x70 A% v==0.05 V, I=2 nA) for (a) 3v2 and (b) V2 phases
obtained at 295 K and 400 K, respectively. (c) Schematic of the
vacancy-line model for the 3\2 phase. (d) Vertical profiles corre-
sponding to the 342 and \2 phases, as highlighted on the images.

cedure was very effective to smooth out the initial surface
roughness!®1?

III. RESULTS

A. STM

Figures 1(a) and 1(b) show typical filled-state STM im-
ages of the low-temperature (LT) and HT phases, respec-
tively, while Fig. 1(d) shows height profiles for both phases.
The protrusions in the image of Fig. 1(a) correspond to Sn
atoms arranged in a rectangular lattice, with a 3y2 periodic-
ity along the [100] direction [Fig. 1(c)].® The corresponding
height profile [Fig. 1(d)] shows that one out of three Sn
atoms has an apparent height ~10 pm larger than the other
two atoms, which are deeper and dimerized, as a conse-
quence of the formation of the Cu-vacancy line.

Accordingly, protrusions in the HT image are also as-
signed to Sn atoms. The Fprotrusions all look equivalent and
are arranged in a (12 X y2)R45° lattice, with a strong reduc-
tion in the total vertical corrugation [Fig. 1(d)] from
~50 pm in the LT phase to ~10 pm at HT. The two char-
acteristic features of the LT phase image, corrugation and
dimerization with 3v5 periodicity, are not observed in the
HT phase image. Two possible models for the HT phase are
compatible with the observed STM image and LEED
experiments:'%2° (i) an ordered (12 X \2)R45° surface alloy
or overlayer, free of Cu vacancies; or (ii) a disordered sur-
face alloy with Cu vacancies diffusing faster than the STM
scanning speed.

B. TOF-DRS
Figure 2(a) shows a set of TOF-DRS spectra acquired for
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FIG. 2. (Color online) (a) TOF spectra for the clean Cu(001)
surface for #=20° and for different azimuthal angles ¢. The inset
shows the definition of the angles ¢ and 6 and a schematic of the
Cu(001) surface. (b) Cu direct-recoil intensity (peak area) vs azi-
muthal angle for #=20°. (c) Schematic of the blocking effect.

the clean Cu(001) surface at different azimuthal incident
angles ¢ for a fixed polar incidence angle (6=20°). For a
definition of the angles, see Fig. 2(a) (inset). The peak ob-
served for ¢ along the [310] crystallographic direction cor-
responds to the Cu atoms recoiled into the scattering angle
0=30° coming from single collisions with the primary beam.
The peak is only observed at certain azimuthal directions, as
shown in Fig. 2(b). At this incident polar angle, the detector
is at a small emission angle measured from the surface so
that the large variation in the peak intensity with ¢ is deter-
mined mainly by blocking effects on the outgoing trajectory
of the Cu recoils [see Fig. 2(c)]. Along the compact azi-
muthal directions, where the distance d between two con-
secutive surface atoms is smaller, the trajectory of the emit-
ted surface Cu atoms intersects the blocking cone of its
neighbor atom. As it deviates from its straight trajectory to
the detector, no peak is observed in the spectrum in this case.
Setting the azimuthal angle away from the principal direc-
tions increases d. The recoiling atom can then reach the de-
tector and the intensity of the peak increases. The blocking
effects explain the strong minima observed in the curve of
the direct-recoil Cu intensity vs ¢ along the more compact
[100] and [110] azimuthal directions. Notice that the deepest
minimum corresponds to the most compact [110] direction.

Figure 3(a) shows a set of TOF spectra measured for the
Sn/Cu interface (full lines) with the same scattering geom-
etry as in Fig. 2(a). The clean surface spectrum for
¢=[100] is included as a reference (dotted line). After ad-
sorbing 0.5 ML of Sn, a Cu DR peak appears for ¢=[100].
Clearly, neither emission of adatoms nor atoms from steps
can explain the peak because it vanishes from the [100] azi-
muthal direction, as shown in the two top spectra of Fig. 3(a)
and in Fig. 3(b). The appearance of the Cu DR peak is thus a
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FIG. 3. (Color online) (a) TOF spectra for the 3\2 phase (full
lines) and for the clean surface (dotted line). The inset shows a
schematic of the vacancy-line model for the 3\2 phase. (b) Cu and
Sn recoiling intensities as a function of the azimuthal angle mea-
sured at #=20°. (c) Schematic of the blocking effect.

characteristic feature of the 32 phase. The fact that the Cu
DR intensity has a maximum along the [100] azimuthal di-
rection shows that the trajectory of the Cu DR is not deviated
by the blocking cone of its neighboring atom [see the sche-
matic drawing in Fig. 3(c)]. This means that the distance
between two consecutive surface Cu atoms along the [100]
azimuthal direction must necessarily be larger than on the
clean Cu(001) surface. This effect is fully consistent with the
Cu-vacancy-line model. We therefore conclude that the area
of the DR peak [second spectrum from the bottom in Fig.
3(a)] is proportional to the number of detectable Cu atoms
that have an atom vacancy in the next-neighbor site along the
beam direction (N,¢,).

The intensity variation in the Sn DR peak with azimuthal
angle in Fig. 3(b) is similar to the one of the Cu DR peak on
the clean Cu(001) surface. However, in the case of the Sn
DR peak, the deepest minimum is along the [100] direction,
instead of the [110], indicating that the [100] direction is the
most compact from the point of view of the DRS technique
and that the Sn atoms are arranged in a squared lattice ro-
tated 45° with respect to the 1 X 1 unit cell as expected ac-
cording to the vacancy-line surface-alloy structure.?!

Figures 4(a) and 4(b) show the HT phase spectra mea-
sured along ¢=[310] and ¢=[100], respectively, together
with the corresponding LT phase spectra. There are no sig-
nificant changes in temperature in the intensity of both the
Sn and Cu recoils. This result, combined with the STM im-
age of the HT phase, indicates that at high 7, the positions of
Sn atoms are on average the same as in the LT phase. As for
the LT case, the Cu DR peak observed at 430 K in Fig. 4(b)
is proportional to N,c,, and can be used to monitor the va-
cancies across the phase transition. From the comparison
with the Cu DR peak measured at 300 K, it follows that there
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FIG. 4. (Color online) (a) TOF spectra for the 3\5(T=300 K)
and the \2(7=430 K) phase measured at (6=20°, ¢=[100]) (b)
TOF spectra for the 3y2(7=300 K) and the y2(T=430 K) phase
measured at (0=20°, ¢=[310]).

is a small increase in N,¢, at 430 K. This result indicates that
most of the vacancies remain on the HT phase. We therefore
discard the possibility that all Cu vacancies are filled at the
V2 phase.

C. MC simulations

In order to gain more insight into the nature of the tran-
sition, we performed canonical Monte Carlo simulations. We
assumed a (\EX V2)R45° arrangement of Sn atoms while the
remaining sites in the outermost surface layer form a grid
where each site (i,j) can be occupied either by a Cu atom
(n;;=1) or by a vacancy (n; ;=0). We described the effective
on-site energy and lateral interactions, between Cu atoms
forming the surface alloy, by a first-principles lattice-gas
Hamiltonian (LGH).>> We fitted the ten parameters of the
LGH (E,, V&, V5, V&, Vi, Vi, Vi, Vi, Vi, and V4 in the no-
menclature of Ref. 22), using a set of ab initio total-energy
calculations,® consisting of 18 totally relaxed vacancy con-
figurations in unit cells up to (3 X 3) of the corresponding 2
unit cell. The total-energy calculations were performed using
the QUANTUM-ESPRESSO package.>*> We model the Cu(001)
surfaces using periodic seven-layer slabs with the two bot-
tom layers fixed at the theoretical bulk value 1.815 A and a
vacuum region of 10.89 A. We used the generalized-
gradient approximation as given by the PWO91 functional®*
for the exchange-correlation term, a wave-function/charge
cutoff of 25/200 Ry, and for the Brillouin integrations a
15X 15X 1 grid of k points for the V2 unit cell, and equiva-
lent grids for the larger unit cells.

For the MC simulations, we used a grid with
N,=3600(=60 X 60) sites. Each elementary MC step consists
of a switch in the occupancy between two random sites i and
j. We used 10° X N, MC passes for equilibration, followed by
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FIG. 5. (a) Experimental and calculated Nyc,. (b) Simulated
order parameter vs temperature and two snapshots of the MC simu-
lations representative of the low- and high-temperature phases.
Light and dark gray spots correspond to grid sites occupied by a Cu
atom or a vacancy, respectively.

another 10° X N, passes for averaging. The order of the sys-

tem was characterized by an order parameter 7
2
3 .
=33ap=0 |Ma—MB , with
a<f3
M=o 3 )
*TN ~ Mgt My
s LJ LJ
i mod 3=a Jj mod 3=«

N, being the number of sites in the grid. This order parameter
takes the value =1 (%=0) for the totally ordered (disor-
dered) phase.

Figure 5(a) shows the evolution of the order parameter 7
with temperature and two snapshots of the MC simulations
representative of the low- and high-temperature phases. In
the snapshots, light and dark gray spots correspond to grid
sites occupied by a Cu atom or a vacancy, respectively. The
evolution of the order parameter depicts an order-disorder
transition with a critical temperature of 7,=416 K, which is
close to the experimental value of 7.=360 K.!° In the first
snapshot, we can see that even at this low temperature (more
than 100 K below the transition temperature) there is some
degree of disorder. On the other hand, in the high-
temperature snapshot, we can see small dark segments that
correspond to an alignment of vacancies, showing that cor-
relations between the vacancies remain above the transition
temperature.

In order to compare the MC simulations with the present
TOF-DRS measurements, in Fig. 5(b) we show the evolution
of the experimental and calculated N, ¢, with temperature. In
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this figure, the temperature scale of the simulations has been
rescaled in order to have 7.=360 K. A small increase of
~5% in the experimental N, is detected when crossing the
phase transition. This value is only slightly above our experi-
mental error (4%). In the case of the calculated Ny¢,, at T,
we can see a jump of =10% in the calculated N,¢,, which
comes from the disordering of the vacancies. In the ordered
phase, and taking into account both domains, only 1/4 of Cu
atoms have a vacancy as neighbor in the ion-beam incident
direction. On the other hand, in the limit of totally disordered
vacancies, this fraction is 1/3, i.e., an increase of 33% should
be observed in N, if the transition occurs from a fully
ordered to a fully disordered case. The smaller increase ob-
served for the simulated N, is traced back to the correla-
tions between vacancies, which remain above 7T, in the MC
simulation. From the good agreement between the MC simu-
lation and experimental temperature dependence of N,c,, we
conclude that the transition is of an order/disorder type, with
the number of vacancies remaining mainly constant across
T

c*

IV. CONCLUSIONS

The results reported in this work constitute direct evi-
dence for the existence of Cu vacancies in the outermost
layer of both the LT and the HT phases of the 0.5 ML Sn/
Cu(001) surface alloy. This evidence demonstrates convinc-
ingly that the (v2 X 2)R45° HT phase is disordered, with
the positions of the Sn atoms, on average, being similar to
the corresponding positions at LT while the Cu vacancies
form a 2D gas. In this context, the collapse of the electronic
gap of the surface state at 400 K reported in Ref. 10 could be
explained by the reduction in the characteristic length of the
312 domains below the coherent length of the S, surface
state (see Fig. 4 in Ref. 8). Moreover, the fact that the gap
size (0.7 eV) is a factor 23 larger than kT, strongly suggests
that the configurational entropy of the partially filled sub-
layer of Cu atoms is the main driving force of the transition.

The atomistic mechanism of the (3V2X\2)R45°
— (\EX V2)R45° crystallographic phase transition can there-
fore be characterized as an order-disorder transition driven
by the Cu vacancies entropy. Therefore, this surface alloy is
a model system presenting a 2D order-disorder structural
transition that induces an electronic transition. The study and
further research of this interface will shed light on our un-
derstanding of a range of related phase transitions.>%1323
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